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sponding to broadband radiation, (c) a second optical 
radiation detector for receiving light from the sphere 
and producing an electrical output signal corresponding 
to a predetermined wavelength fraction of the broad 
band radiation, and (d) an output for producing an elec 
trical signal which is proportional to the difference 
between the two electrical output signals. The radiome 
ter is very useful, for example, in measuring the absolute 
amount of ultraviolet light present in a given light sam 
ple. 
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BROADBAND RADIOMETER 

CONTRACTUAL ORIGIN OF THE INVENTION 

The United States Government has rights in this 
invention under Contract No. DE-ACO2-83CH10093 
between the United States Department of Energy and 
the National Renewable Energy Laboratory, a Division 
of the Midwest Research Institute. 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 
The present invention relates, generally, to radiome 

ters and, more particularly, to ultraviolet radiometers. 
Even more particularly, this invention relates to radi 
ometers capable of measuring ultraviolet (UV) radiation 
in the UVA (320-400 nm), UVB (280–320 nm) and 
UVC (approximately 100-280 nm) ranges. Specifically, 
the present invention relates to an improved broadband 
ultraviolet radiometer exhibiting near flat spectral re 
sponse over all (or selected portions) of the UVA, B and 
C. 

2. DESCRIPTION OF THE PRIOR ART 
There are many situations in which it is necessary or 

highly desirable to be able to measure the amount of a 
given wavelength light fraction (e.g., ultraviolet light) 
which is present in a light beam. For example, in re 
search applications involving the use of electromag 
netic optical radiation, the amount of ultraviolet radia 
tion emitted by the source can be critical to the experi 
ments being conducted. Also, in conducting photo 
chemical reactions, the amount of ultraviolet radiation 
present normally must be known in order to properly 
quantify the reactions. 

In certain medical applications where electromag 
netic radiation is used it is also important to know the 
amount of ultraviolet radiation present. In various pho 
tovoltaic apparatus (e.g., solar cells) it is important to 
know the amount of ultraviolet radiation to which such 
apparatus is being exposed. Another common situation 
involves sun bathers and other persons who are outside 
during daylight hours and who are being exposed to 
harmful ultraviolet rays. Knowing the amount of ultra 
violet radiation they are being exposed to would be 
very helpful so as to enable such persons to know the 
type and amount of sun screen lotion to apply to their 
exposed skin, for example. 
The amount of solar ultraviolet radiation is a measure 

of the amount of ozone depletion in the earth's atmo 
sphere. Such measurements at a number of global sites 
are urgently needed in order to assess the amount and 
global distribution of this depletion. 

Various devices have been previously proposed for 
measuring ultraviolet radiation present in a light source. 
However, such devices have not been entirely accurate 
or satisfactory for all purposes. 

U.S. Pat. No. 2,490,011 (Bird) describes an ultraviolet 
ray intensity meter which utilizes two vacuum photo 
cells in a differential combination. The apparatus does 
not utilize an integrating sphere, nor does it address the 
requirement for a flat spectral response over the ultravi 
olet region being measured. 

U.S. Pat. Nos. 3,609,364 (Paine); 3,825,760 (Fletcher); 
and 4,241.258 (Cholin) describe apparatus for detecting 
ultraviolet rays in the presence of broadband light, as in 
detecting flames in the presence of background light. 
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The apparatus described in such patents is not an ultra 
violet radiometer. 

U.S. Pat. No. 3,896,313 (Berman) describes apparatus 
which is said to be able to detect the presence of ultravi 
olet light over a discrete wavelength band. Such appa 
ratus does not provide the capability of accurately mea 
suring the amount of ultraviolet radiation present in 
broadband radiation. 

U.S. Pat. No. 3,562,795 (Frenk) describes apparatus 
for measuring the photometric intensity of one light 
beam against the photometric intensity of a reference 
beam. The apparatus does not measure the amount of 
ultraviolet energy in broadband radiation. 

U.S. Pat. No. 4,915,500 (Selkowitz) describes a radia 
tive flux mapping device. Such apparatus is not in 
tended for measuring the amount of ultraviolet energy 
present in broadband radiation. 
There has not heretofore been provided a broadband 

radiometer which exhibits essentially flat spectral re 
sponse having the advantages and desirable combina 
tion of features which are exhibited by the apparatus 
and techniques of the present invention. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide means for 
measuring radiation of a desired wavelength range (in 
band) in the presence of electromagnetic optical radia 
tion outside the selected wavelength range (out-of 
band). 

It is another object of the invention to provide means 
for measuring desired radiation with an essentially flat 
spectral response as a function of wavelength over the 
range of wavelengths being measured. 

It is yet another object of the invention to provide 
means for measuring desired radiation with an accurate 
cosine response. 

It is yet another object of the invention to provide 
means for measuring ultraviolet radiation over a se 
lected wavelength range in the presence of electromag 
netic optical radiation outside of the ultraviolet region. 

Additional objects, advantages, and novel features of 
the invention shall be set forth in part in the description 
that follows and in part will become apparent to those 
skilled in the art upon examination of the following or 
may be learned by the practice of the invention. The 
objects and the advantages of the invention may be 
realized and attained by means of the instrumentalities 
and in combinations particularly pointed out in the 
appended claims. 
To achieve the foregoing and other objects and in 

accordance with the purpose of the present invention, 
as embodied and broadly described herein, the broad 
band radiometer may comprise: 
(a) an optical integrating sphere having a generally 

spherical integrating chamber therein; wherein the 
chamber includes an entry port for receiving light 
comprising broadband radiation; 

(b) first optical radiation detector means adapted to 
receive light from the sphere; wherein the first detec 
tor means (including appropriate filter) detects the 
broadband radiation comprising the sum of both in 
band and out-of-band radiation and produces electri 
cal output signals corresponding to the broadband 
radiation; 

(c) second optical radiation detector means adapted to 
receive light from the sphere; wherein the second 
detector means (including appropriate filter) detects 
the out-of-band radiation only and produces a second 
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electrical output signal corresponding to such out-of 
band radiation; and 

(d) output means for comparing the first and second 
electrical output signals and being capable of produc 
ing a third electrical output signal which is propor- 5 
tional to the difference between the first and second 
electrical output signals. 

Hence, the third electrical output signal is proportional 
to the in-band component or fraction of the broadband 
radiation. The "in-band' component or fraction of the 
broadband radiation is defined herein as the portion or 
fraction of the broadband radiation which is desired to 
be measured. The "out-of-band' component is defined 
herein as the portion or fraction of the broadband radia 
tion which is not desired to be measured. The term 
"broadband' radiation comprises the sum of the in-band 
radiation and the out-of-band radiation. 
The apparatus may also include display means for 

displaying the third electrical output signal, such as a 
recorder or meter. 
The apparatus is especially useful for measuring the 

amount of ultraviolet radiation fraction present in 
broadband radiation. 
Other advantages of the apparatus and techniques of 

the invention will be apparent from the following de- 25 
tailed description and the accompanying drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorpo 
rated in and form a part of the specification, illustrate 
the preferred embodiments of the present invention and, 
with the description, explain the principles of the inven 
tion. In the drawings: 

FIG. is a schematic illustrating one embodiment of 
radiometer apparatus of the invention; 
FIG. 2 is a side elevational schematic view of the 

integrating sphere shown in FIG. 1; 
FIG. 3 is a cross-sectional view of one embodiment of 

integrating sphere which may be used in this invention; 
FIG. 4 is a graph showing superimposed curves of 40 

the channel 1 (broadband, i.e., in-band plus out-of-band) 
and channel 2 (out-of-band) response functions of the 
apparatus of FIG. 1 without balancing; 

FIG. 5 is a curve resulting after the two channels are 
balanced to zero; and 

FIGS. 6, 7 and 8 are schematic views illustrating the 
relationship of the optical radiation detector means to 
the solar paths inside the integrating sphere at winter 
solstice (W), summer solstice (S) and the two equinoxes 
(E). 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1 and 2 are schematic diagrams illustrating one 
embodiment of apparatus of the invention comprising 
an optical integrating sphere 10 having an entry port 12 
for radiation to enter the sphere. First and second opti 
cal radiation detectors (e.g., photomultiplier tubes 
(PMT1 and PMT2)) are adapted to receive light (i.e., 
optical radiation) from the integrating sphere. 
The first photomultiplier tube (and associated filter) 

detects broadband radiation and produces an electrical 
output signal corresponding to the broadband radiation. 
The second photomultiplier tube (and appropriate fil 
ter) detects out-of-band radiation (i.e., radiation having 
a wavelength outside the range which is to be mea 
sured) and produces an electrical output signal corre 
sponding to the out-of-band radiation. 
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4. 
In FIG. 1 this is illustrated in a situation where the 

broadband radiation comprises both in-band and out-of 
band radiation. PMT1 detects the broadband of radia 
tion, and PMT2 detects only the out-of-band fraction. 
The output signal produced by PMT1 is an electrical 

current which is proportional to the amount of detected 
radiation (i.e., broadband radiation). The output signal 
produced by PMT2 is an electrical current which is 
proportional to the amount of radiation it detects (i.e., 
out-of-band radiation). 

In a preferred embodiment, the signals produced by 
PMT1 and PMT2 are electrical currents i and i2 which 
are received by separate operational amplifiers IC1 and 
IC2 where the separate currents are converted to sepa 
rate voltage signals e1 and e2. The voltage signals then 
are received by a differential amplifier IC3 where the 
voltages are compared, and a third electrical output 
signal is generated which is proportional to the differ 
ence between the two voltage signals. This output sig 
nal can be read by a meter, or it may be connected to a 
recorder, etc. 
As shown in FIG. 1, the circuitry further includes a 

variable resistor for adjusting the voltage-to-current 
ratio of amplifier IC1 in a manner such that the electri 
cal output signal is zero in the presence of a predeter 
mined wavelength fraction. 
The integrating sphere may be, for example, about 4 

to 6 inches in diameter, although other sizes may also be 
used. The interior surface of the sphere must be coated 
with a white diffusing material 14 such as Halon (a 
commercially-available material). This is illustrated in 
FIG. 3. 

It is also preferable for the peripheral edge of the 
entry port to have a knife edge 10A as shown in FIG. 3 
so that the light entering the sphere through the entry 
port is not reflected or diffused by the entry port itself. 

For measuring'direct-beam radiation only (excluding 
diffuse radiation), the radiation may enter the entry port 
through an elongated tube 12A (as illustrated in FIG. 
2). For measuring global radiation (i.e., direct and dif 
fuse radiation), the radiation enters the integrating 
sphere through a quartz dome 16 which is a radiation 
transparent hemisphere (as illustrated in FIG. 3). 
The photomultiplier tubes used should be of the same 

type. Separate light filters, however, are placed on each 
photomultiplier tube so as to filter out the appropriate 
radiation. Thus, if the first detector or photomultiplier 
tube is to detect all fractions of the incoming radiation, 
then no filters may be needed on it. The other detector 
or photomultiplier tube would include filters to screen 
out radiation of the wavelength range which is desired 
to be measured. Then when the outputs of the two 
photomultiplier tubes are compared, it is possible to 
determine the amount of the particular radiation which 
is of interest. 
When measuring the amount of UV radiation in a 

source of broadband radiation, one may use photomulti 
plier tubes having near flat spectral response from 240 
nm to 600 nm, such as those from Hamamatsu, Model 
552S. Other equivalent means could also be used, of 
COS. 

The optical integrating sphere used in this invention 
is essential because it removes spatial inhomogenetics 
from the light beam source while providing a cosine 
response, which is an especially important consider 
ation when viewing off-axis radiation as in the case of 
solar global radiation measurements, where a significant 
component of the ultraviolet radiation is diffuse. 
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FIG. 4 is a graph showing superimposed curves of 
the broadband signal (i.e., comprising both in-band and 
out-of-band fractions) and the out-of-band signal using 
the apparatus of FIG. 1 without balancing. The value of 
Rymay be varied such that the net out-of-band signal is 
balanced to null. This is illustrated in the curve of FIG. 
5. 
FIGS. 6-8 illustrate the relationship of the optical 

radiation detector means (i.e., filter detectors) to the 
solar paths inside the integrating sphere at different 
times of the year. The detectors are positioned and 
oriented such that they are aimed at point A on the 
inside of the integrating sphere (i.e., a point where the 
solar image entering entry port P never touches). 

in FIG. 6 there is shown the north-facing half of the 
integrating sphere showing solar-image trajectories for 
winter (W) and summer (S solstices and the two equi 
noxes (E), and aim point (A) for the filter-detector con 
binations. The sphere is viewed from 30 degrees above 
center for clarity. 

In FIG. 7 there is shown the south-facing half of the 
integrating sphere showing a partial solar image trajec 
tory for the summer solstice (S-S), entrance port (P) 
and the two filter-detectors (FD, FD"). The sphere is 
viewed looking directly at the center. 

in FIG. 8 there is shown the east-facing half of the 
integrating sphere showing partial solar-image trajecto 
ries (W, E, S), entrance port (P) and southeast filter 
detector combination (FD"). The sphere is viewed look 
ing directly at the center. 
The optical radiation detector means which may be 

used in this invention may be any type of detector 
which is capable of detecting the necessary radiation. 
The detector may be a solid state device, photomulti 
plier tube, or any equivalent means. Appropriate radia 
tion filters may be used in combination with the detec 
tor means, as necessary. 
The foregoing is considered as illustrative only of the 

principles of the invention. Further, because numerous 
modifications and changes will readily occur to those 
skilled in the art, it is not desired to limit the invention 
to the exact construction and operation shown and 
described, and accordingly all suitable modifications 
and equivalents may be resorted to falling within the 
scope of the invention as defined by the claims which 
follow. 
As an additional variation, it is possible to prefilter 

the radiation by adding a short-wavelength pass filter to 
the direct beam module or to incorporate a short pass 
filter into the quartz dome. 
The embodiments of the invention in which an exclu 

sive property of privilege is claimed are defined as fol 
lows: 

1. A broadband radiometer comprising: 
(a) an optical integrating sphere having a generally 

spherical integrating chamber therein; wherein said 
chamber includes an entry port for receiving light 
comprising broadband radiation; 

(b) first optical radiation detector means adapted to 
receive light from said sphere; wherein said first 
detector means detects said broadband radiation 
and produces a first electrical output signal com 
prising a first electrical current corresponding to 
said broadband radiation; 

(c) second optical radiation detector means adapted 
to receive light from said sphere; wherein said 
second detector means detects a predetermined 
wavelength fraction of said broadband radiation 
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6 
and produces a second electrical output signal 
comprising a second electrical current correspond 
ing to said wavelength fraction; and 

(d) output means comprising a differential amplifier 
for comparing said first and second electrical out 
put signals and being capable of producing a third 
electrical output signal which is proportional to the 
difference between said first and second electrical 
output signals; 

(e) first and second operational amplifiers; wherein 
said first amplifier converts said first electrical 
current to a first voltage signal which is propor 
tional to said first electrical current; and wherein 
said second amplifier converts said second electri 
cal current to a second voltage signal which is 
proportional to said second electrical current; and 

(f) a variable resistor for adjusting the voltage-to-cur 
rent ratio of said first amplifier in a manner such 
that said third electrical output signal is zero in the 
presence of said predetermined wavelength frac 
tion. 

2. A radiometer in accordance with claim 1, wherein 
said entry port of said integrating chamber includes a 
knife edge. 

3. A radiometer in accordance with claim 1, further 
comprising display means for displaying said third elec 
trical output signal. 

4. A radiometer in accordance with claim 1, wherein 
said first detector means detects visible light and ultra 
violet light, and wherein sad second detector means 
detects visible light. 

5. A radiometer in accordance with claim 1, wherein 
each said optical radiation detector means comprises a 
photomultiplier tube. 

6. A broadband ultraviolet radiometer comprising: 
(a) an optical integrating sphere having a generally 

spherical integrating chamber therein; wherein said 
chamber includes an entry port for receiving light 
comprising visible and ultraviolet light fractions; 

(b) first optical radiation detector means adapted to 
receive light from said sphere; wherein said first 
detector means detects said visible light and said 
ultraviolet light fractions and produces a first elec 
trical output signal corresponding to said visible 
light and said ultraviolet light; wherein said first 
electrical output signal comprises a first electrical 
current; 

(c) second optical radiation detector means adapted 
to receive light from said sphere; wherein said 
second detector means detects said visible light 
fraction and produces a second electrical output 
signal corresponding to said visible light; wherein 
said second electrical output signal comprises a 
second electrical current; 

(d) a first operational amplifier for converting said 
first electrical current to a first voltage signal; 

(e) a second operational amplifier for converting said 
second electrical current to a second voltage sig 
nal; and 

(f) output means comprising a differential amplifier 
for comparing said first and second voltage signals 
and producing a third electrical output signal 
which is proportional to the difference between 
said first and second voltage signals; and 

(g) a variable resistor for adjusting the voltage-to-cur 
rent ratio of said first amplifier in a manner such 
that said third electrical output signal is Zero in the 
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presence of light having a wavelength outside said comprising display means for displaying said third elec 
ultraviolet light fraction. trical output signal. 

7. A radiometer in accordance with claim 6, wherein 9. A radiometer in accordance with claim 6, wherein 
said entry port of said integrating chamber includes a each said optical radiation detector means comprises a 
knife edge. 5 photomultiplier tube. 

8. A radiometer in accordance with claim 6, further 3 : Sk 
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